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Metal concentrations were determined in henthic biota, fish livers, water, and fine-grained sediment through
215 kim of an intermontane river system (Blackfoot River, Montana, USA) affected by headwater inputs of acid-
mine effluent. Sofute and particufate contaminants decreased rapidly downstream from headwater sources, but
some extended through an extensive marsh system. Particulate contaminants penetrated through the marsh sys-
tem, effectively resulting in food web contamination downstream of the marshes. Metals differed in their bio-
availability within and below the marsh system. Cadmium was most consistently accumulated in the food web,
and the general order of downstream mobilization of bioavailable metals appears to be Cd, Zn = Cu > As, Ni.
Depauperate benthic communities and reduced fish populations occurred coincident with the sediment
contamination.

Les concentrations de métaux ont été déterminées sur 215 km dans le benthos, des foies de poisson, I'eau et les
sédiments fins d’un bassin hydrographique intramontagneux (riviére Blackfoot, Montana, E.-U.) touché par des
affluents acides de mine déversés & la source de ce bassin. Les concentrations de contaminants en solution ou
particutaires allaient en décroissant rapidernent des eaux de téte vers I'aval, mais une certaine part de ces conta-
minants s'est répandue dans un important réseau de marais. Les contaminants particulaires ont pénétré dans le
réseau de marais et ont contaminé le réseau alimentaire en aval des marais. La biodisponibilité des métaux
variaient tant dans les marais qu’en aval de ces derniers. Le cadmium est le métal le plus abondamment retrouvé
dans le réseau alimentaire; en aval, I'importance relative de la contamination effective par Ces métaux biodis-
ponibles suivait Fordre suivant : Cd, Zn > Cu > As, Ni. La contamination des sédiments €tait corrélée & un

appauvrissement des communautés benthigues et a une réduction des populations de poisson.
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effects and extent of metal contamination in the head-

waters of drainage basins in western North America from
past hard-rock mining activities (NOVA 1990). However, sys-
tematic studies of downstream sediment contamination and
subsequent availability to biota of metals mobilized by acid-
mine drainage are rare. Many studies of metal-contaminated
riparian systerns have focused on only a few kilometres of river
near the input of contaminants (Moraiarity et al. 1982; Bradley
and Cox 1987) and do not integrate contamination in the solid
and agueous phases with the biological system. As well, metal
bioavailability in cobble bed rivers is poorly understood in gen-
eral, partly because the biological communities of such systems
are complex and difficult to sample. In this paper, we present
data showing that headwater inputs of aqueous and particulate
metal contaminants into a cobble bed river can affect chemical
trends, metal concentrations, and metal bioavailability over a
distance of tens of kilometres from the source. The goal is to
understand the biological fate of metals mobilized by acid mine
drainage, and specifically address the following questions: (1)

& s water supplies are stressed, there is concern over the
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Are high concentrations of metals near inputs of mine effluent
available to resident biota? (2) Do beaver ponds/marsh systems
foften characteristic of headwater streams) mitigate contami-
nant transfer downstream? (3) If metals are trapped in such a
marsh system, do they remain available to resident biota? (4)
How does spatial distribution of contamination in food webs
compare with the particulate and aqueous phases of contami-
nation? (5) Does contaminant bioavailability differ among met-
als or taxa? (6) Does metal bicavailability vary substantially
from vear to year?

Six taxa of benthic insect larvae, from two trophic levels,
and three taxa of trout were sampled as representatives of the
food web in a river system in western Montana (the Blackfoot
River) contaminated by headwater inputs of mine effluents
{acid mine drainage). Metal concentrations (Al, Cd, Cu, Fe,
Pb, and Zn plus the metalloid As) were determined in whole
bodies of benthic biota, fish livers, water, and fine-grained sed-
iment. Metal contamination in benthic insects was compared
with particulate and aqueous contarination, and contamination
trends compared with distribution of fish populations in the
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river, To assess the area of contaminant distribution, the com-
plete river system was examined from the headwaters to its
mouth, 215 km downstream, including inputs from all mine
effluent sources. Comparisons were made with earlier studies
conducted during 1971-75 (Spence 1975) to determine the tem-
poral changes in the system.

Stody Area

The Blackfoot River of western Montana is a Class  trout
stream {Montana Department of Fish, Wildlife and Parks clas-
sification system) dissecting geologically complex, mineral-
ized terrains of the northern Rocky Mountains. The river drains
6000 km?, and from its source near the Continental Divide
flows 215 km where it joins the Clark Fork River (Fig. 1), Min-
ing in the headwaters of the Blackfoot River began in approx-
tmately 1865 and continued until after World War I1. A variety
of minerals and commodities were recovered including gold,
silver, lead, and copper from numerous small placer and hard-
rock mining operations. Although milling was not widespread
in the drainage. milled tailings were discharged into the head-
waters at several sites. The numerous small deposits of con-
taminated tailings and isolated sources of contaminated mine
drainage in the upper reaches of the catchment (Fig. 1; Spence
1975) are typical of many montane areas in western North
America.

The gradient of the Blackfoot River ranges from 0.5 to 60 m/
kin and is characterized by distinct changes in slope. The stair-
step nature of the stream profile results from deposition of gla-
cial deposits during the Pleistocene at the mouths of several
tribataries, producing Jow-gradient reaches separated by higher
gradient sections. Tributaries in the headwaters which drain
the mining areas have relatively high gradients, Downstream
from the mined areas, the river valley has been partially
dammed by Pleistocene glacial till and outwash to form several
low-gradient reaches. One such reach, extending from 211.6
to 196.6 km, has three extensive marshes (tiver kilometres are
measured from the mouth upstrear).

54 River kilometre
% Mine/mining site with mine effiuent

Earlier studies (Spence 1975) showed that acid-mine drain-
age caused enrichment in suifate and metals (including Al, Cd,
Ca, Cu, Pb, Mn, and Zn} in Blackfoot water downstream to
approximately 190 km. Waters flowing from tunnels and bore
holes were commonly of pH << 3 and no fish were found in
tributaries affected by this acidic drainage (Spence 1975; Doll-
hopf et al. 1988). Drainage from adits and waste piles continue
to supply contaminated water to the headwaters of the drainage.
Spence found that bed sediment in the upper Blackfoot River
was especially enriched with Cd, Cu, and Zn and that the bed
was coated with Fe-Mn oxyhydroxide for several kilometres.
This contamination is still visually and chemically evident
today. In the early 1970’s, marshes along the upper river
appeared to impede downstream movement of the metals, as
shown by reductions in contamination below the uppermost
wetland (Spence 1975). Thus the stream morphology estab-
lished a natural mitigation process that appeared to limit down-
stream dispersion of mine effluents.

The benthic community in much of the Blackfoot River is a
diverse assemblage of insect larvae typical of temperate, cobble
bed rivers (Spence 1973). The trout fishery is a complex, mul-
tispecies assemblage (Spence 1975; Peters and Spoon 1989).
In general, eastern brock trout (Salvelinus fontinalis) and cut-
throat trout {Oncorfynchus clarki lewisi) are the dominant spe-
cies from the headwaters to approximately 191.5 km. A
transition zone oceurs befow 190 kmto 168.5 km where brown
trout {Salmo trurta) dominate the assemblage. Brown trout are
replaced by rainbow trout (Oncorkynehus mykiss) in the lower
river (below 85 km). Large, fluvial bull trout (Salvelinus con-
fluenius) also are found in the middle and lower river. The trout
fishery is an important recreational resource in western
Montana.

Methods

Water Chemistry

Grab samples of river water were taken at 22 sites on the
main stem, 9 on tributaries and 9 from contaminated tributaries
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Fic. 1. Map of the Biackfoor River drainage basin, with biological sampling locations designated by

kilometre from the mouth of the river.
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(those tributaries with known mine effiuent input). One sample
from each location was filtered in the field through a 0.45-pm
nucleopore membrane filter that was first rinsed with river
water. The filtered sample was preserved for metal analyses by
acidifying with concentrated, ‘‘instra-apalyzed’’ nitric acid.
Metal analyses were performed by inductively coupled argon
plasma spectrometry (ICAPES). Detection limits are listed in
Table 1. Another filtered sample was left unacidified for anion
analysis by ion chromatography (IC). A third water sample was
left unfiltered and unacidified for alkalinity measurement by
titration (Gran method). Al samples were transported to the
laboratory on ice and refrigerated until analysis. Quality controi
during ICAPES analysis was maintained by using field and
procedural blanks and U.S. Geological Survey water standards
(Table 1). IC analyses were checked using internal standards.

Sediment Chemistry

Sediment samples were taken at 43 sites on the main stem,
tributaries, and contaminated tributaries. Eight sites were rep-
Heated in 1988 and 1989 to determine annual variation {(which
was within the error of measurement). Surficial bed sediment
was collected by suction in a large syringe (a turkey baster)
from small deposits of fine-grained sediment over an area of
50 to 100 m? and composited by sieving through a 63-pm nylon
screen. The resulting slurry was stored on ice, transported to
the laboratory, centrifuged, and dried at 70°C. Dried sediment
(0.2 g) was dissolved in a microwave digestion vessel in 5 mL
of agua regia and 2 mL of HE. After microwaving for 5 min
at high power, the sample was filtered and the HF neutralized
with boric acid. Then the sample was diluted 500:1 (v/w) and
analyzed by ICAPES. Quality control was evaluated by using
NBS sediment standards (Table 1).

Benthic Insect Larvae

Samples of benthic insect larvae were collected for metal
analysis from 13 different stations in 1987, 1988, and 1985,
Four stations were sampled between 190 and 17 km in 1987
and eight stations through that reach in 1988. Stations between
211.8 and 186.6 km (including 190 km) were sampled from
riffles within and below the marsh system in 1989, The six taxa
targeted for collection were relatively abundant, larger insect
larvae from three functional groups. These included two pre-
daceous Plecoptera (stoneflies), Claassenia sabulosa and Hes-
peroperia pacifica (family Perlidae), and four Trichoptera (cad-
disflies), the net-spinners Hvdropsyche sp. and Arctopsyche
grandis (family Hydropsychidae), the herbivore Brachycentrus
sp. (family Brachycentridae), and the large case-bearing scav-
enger Limnophilus sp. Brachycentrus, Limnophilus, and
Hydropsyche samples were not separated to species. Metal con-
centrations among species of Hydropsyche do not differ greatly
in other systems (Cain et al. 1989).

The larvae were coliected by kick net from rifle areas. For
reference, metal concentrations from the Blackfoot taxa were
compared with animals from Rock Creek, an undisturbed
streamn located in an adjacent drainage (Luoma et al. 1989;
Axtmann et al. 1990}, Taxa were separated for analysis and
brachycentrids and limnophilids were removed from their cases
in the field. Living animals were held for 4 to 6 h in bags of
ambient water after separation for cleansing of their digestive
tracts before the samples were frozen. In preparation for anal-
yzes, frozen samples were thawed, the length of individuals
from the larger taxa (Claassenia and Hesperoperla) was deter-
mined, and similar sized individuals were composited to a dry
weight of at least 50 mg, but not more than 1.5 g. Microscopic
verification of field taxonomy was conducted where necessary

TasLe 1. Concentrations (and standard deviations) for U.S. Geological Survey (USGS) water standards, National Bureau of Standards (NBS}
sediment standard, and NBS bovine liver standard. Limits of detection {LOD?} listed for solution only. All values listed in parts per million (ppm)
for solids and mg/L. for solutions, except where in weight % which is identified by an asterisk. NC = noncertified value; BD = below detection

limit.
. Sediment standard Bovire liver
Water standards NBS 1645 NBS 15772
USGS TI03 USGS T97
Metal LOD Given  Obtained {n=~6) Given Obtained (n=10) Given Obtained (n=4) Given Obtained (n=6)
Al (.03 0.127 0.136 0.126 0.136 2.26 2.29 2 3.02
{0.038) {0.006) {0.042) {0.007) (0.04y* {0.09y* (NG (0.5
As 0.05 0.032 BD 0.0113 BD 66 63 0.047 BD
(0.0009) (0.0015) (NC) (8.4) (0.006)
Cd 0.005  0.0017 0,002 0.0163 0.016 10.2 6.7 .44 0.37
(0.0004 (0.001) (0.0023) {0.002) (1.5 (0.5) {0.06) (0.02)
Cu 0,005  0.0833 0.082 0.0168 0.015 109 101 158 153
(0.0057 (0.005) (0.0025) {G.003) {19 (2.3) (N (0.98)
Fe 0,005 0.041 0.039 0.160 0.105 11.3 9,16 194 187
(0.0076) (0.002) (0.009) {6.004) (1.2)* (0.28)* (20 3.5}
Mn  0.005 0.009 0.007 0.0305 0.029 785 695 9.9 9.95
(0.0021) (0.001) {0.0032) {6.001) (97 (15 (0.8} 0.1D
Pb 0.04 0.0077 BD 0.015 BD 714 614 0.135 BD
(06021 {0.0037) (28) {(i6) (0.015)
Zn 0.005  0.0265 0.033 0.153 G.159 1720 1525 123 127
(0.0041) (0.002) (0.01) {(3.0606) (170 3D (8) (0.6)
224 Can. [. Fish. Aquat. Sci., Vol. 48, 1991



on frozen samples. Each composite was digested by concen-
trated nitric acid reflux, the concentrated acid was evaporated,
and the sample was reconstituted in 0.5 N HCL Metal analyses
in 1987 were conducted by flame atomic absorption spectro-
photometry. Analyses in 1988 and 1989 were conducted by
ICAPES.

The goal of benthic insect larvae collection at each site was
to obtain at least 20 individuals of each available taxon with
sufficient mass of each to exceed analytical detection limits,
Achieving these goals for a variety of taxa in cobble bed rivers
is made difficult by the spatial, temporal, and size variability
typical of the benthic community (Giesey et al. 1981 Selby
et al. 1985). As a result, more individuais of some taxa were
collected than others at each station, the number of composites
that represented an individual taxon at a site varied, and not all
taxa were represented at all stations. Where more than one com-
posite of a taxon was collected, confidence intervals were cal-
culated to illustrate within-site variability. Data from adjacent
sites also were aggregated in some cases to eliminate pseudo-
replication and to test if differences between segments of the
river were statistically different. Differences between segments
or stations were tested by one-way ANOVA or by i-test. Data
were log-transformed for statistical comparisons.

Fish

Fish were collected for metal analyses in 1988 and 1989,
The metals of principal concern in the Blackfoot {Cd, Cu, and
Zn) typically concentrate strongly in the Iiver (Bollingberg and
Johansen 1979; Wiener and Giesy 1979}, Thus, analyses of this
organ were employed to determine the distribution of metal
contamination of the Blackfoot fishery, as proven effective
elsewhere (Roch et al. 1982). All comparisons of metal con-
centrations were restricted to similar size classes of fish within
a species (Brooks et al. 1976; Chernoff and Dooley 1979). To
compare contamination in the upper Blackfoot with a reference,
custhroat trout also were coliected from Marshall Creek, a small
stream undisturbed by mining near the Blackfoot River, but not
in the drainage (not on Fig. 1). All fish were collected by elec-
trofishing from river reaches exceeding 1 km long and imme-
diately placed on ice. The length of each individual fish was
measured and the liver removed for analysis within 6 h of col-
lection, Liver samples were digested by the concentrated nitrie
acid reflux method described above and analyzed by ICAPES.
NBS standard 1577a (bovine liver) was analyzed by the same
method {Table 1). All statistical comparisons emploved one-
way ANOVA with log-transformed data.

Fish populations were estirnated with the mark and recapture
method, employing Chapman’s modification of the Peterson
formula described by Ricker (1975). Variance estimates were
made with Chapman’s formula (Ricker 1975). These methods
were employed to provide direct comparison with a similar
approach employed in earlier fish surveys in the Blackfoot
(Spence 1975). Similar habitat was sampled from all sections
that were compared. Detailed methods and a complete discus-
sion of the fish population survey are available in Peters and
Spoon (1989). Data from all biclogical and sediment metal
analyses are available in Moore (1990).

Resulis

Solute Contaminants

The water in the lower main stem of the river (below 190 kmy}
and in uncontaminated tributaries is a Ca-Mg-HCO, type low
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in sulfate, nitrate, fluoride, and trace constituents with pH’s
from 7.4 to 8.0. Contaminant input from mine eftluent in the
headwaters into the Blackfoot River is apparent from
downstream trends of solute constituents. The pH of
contarminated tributaries that flow into the upper 5 km of the
river (mostly above the upper marsh system, but two
contaminated tributaries flow directly into the upper marsh)
ranges from 3 to 6.5 (Fig. 2). Concentrations of sulfate are
extremely high in the acidic tributaries (Fig. 2) and decrease
downstream away from input.

Both acidity and sulfate concentration show downstream
attenuation from the headwater sources in the Blackfoot
River. Acidity is neutralized rapidly and pH reaches background
(uncontaminated tributary and downstream mainstem} values
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before reaching the marsh system (211.6 km). Sulfate,
however, shows less attenuation and penetrates downstream
through the marshes; values above background extend to
190 km. Alkalinity of some mine effluent is near zero, but
alkalinity of main stem and tributary water ranges from 50 to
100 mg CaCO, (including contaminated tributaries). Alkalinity
generally increases downstream (Fig. 2).

Trends of Cd, Cu, and Pb in water show minimal injection
of contaminants downstream from the sources (Fig. 3; As was
below detection limit, 0.050 mg/L, for all samples exept in
two mine effluents, as was Ni; other elements analyzed are not
plotted). Concentrations of these elements decrease to values
not detectably different from uncontaminated tfributaries (mostly
below detection Hmit) within the upper few kilometres of river.
Iron, Mn, and Zn show more intrusion downstream (Fig. 3,

but nearty all solute components reach detection limits 25 km
downstream. Only Zn shows irregularities from this trend
{possibly resulting from sample contamination).

These trends show that although most solute trace metals (Al
Cd, Cu. Mn, Ni, and Pb) are elevated from one to three orders
of magnitude levels in the contaminated tributaries and the
upper few kilometres of river, they decrease to levels of
detection before entering the marsh systems at 211.5. Sulfate,
Fe, Mn, and Zn are detectable farther downstream, into and
through the upper marsh.

Total effluent input, from all adits and tunnels {all above
210 km) during low flows, accounts for approximately 7 1o
14% of total river flow at 207 km (Spence 1973), Although
there are several sources for the contaminants, one adit supplies
most of the flow into the headwaters. Approximately 80% of
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the mine effluent comes from that one mine at the farthest
upstream {215.1 km) input (Spence 1973). These inputs are
possibly diluted at high flows but no measurements have been
made on mine inputs during spring runoff.

Sediment Contaminants

Compositional characteristics are distinctly different and
concentrations of the trace elements As, Cd, Cu, Mn, Ni, Pb,
and Zn are 10 to 1000 times higher in bed sediments in the
upper few kilometres of the Blackfoot River compared with
uncontaminated tributaries (background values) or sediment
downstream (Fig. 4; As is only high in the uppermost reaches
of the river and Ni is less enriched than all other metals, so
these are not plotted). Solute and sediment contamination have

Can. [. Fish. Aguat. Sci., Vol. 48, 1961

similar sources. The sediment contamination originates from a
small number of headwater tributaries and the major input
of mine effluent at 215.1 km in the headwater mainstem. Con-
centrations of metals in sediments decrease rapidly down-
stream. it is unclear from these trends how much of the decrease
is the result of downstream dilution of contaminants by uncon-
taminated sediment from tributaries, and how much is due to
the action of the marshes. Trends through the marshes were
complex and detaiis differed from metal to metal. Figure 5 dem-
onstrates that sediments 10 km beyond the marsh system (at
190 kim) were substantially contaminated with metals such as
Cu and Zn, compared with farther downstream.

Iron follows the trend of the trace elements (Fig. 4), higher-
than-background concentrations penetrating downsiream
approximately 23 km from the main sources. In conirast, Al,
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a, and Ti were depleted in the headwaters and then increased
rapidly downstream to values similar to most tobutary and
downstream sediments (data in Moore 1990),

In the upper few kilometres of river it is visually apparent
that contaminated sediment is associated with Fe-Mn oxyhy-
droxides. All contaminated tributaries and the upper main stem
have beds coated with red-orange oxyhydroxide precipitates.
As acid mine drainage flows from the subsurface into the
oxygenated surface waters, oxyhydroxides precipitate from
solution, along with other hydroxide and sulfate minerals
{Nordstrom 1982}, These oxyhydroxides act as a source for
particulate contamination downstream (Jones 1986; Filipek
et al. 1987; Nordstrom 1982).

Metals in Biota

A gualitative estimation of presence/absence of targeted
benthic fauna and mayflies {a metal-sensitive order, Winner
et al. 1980} indicated that important faunal groups were absent
where sediment was most contaminated. No benthic biota were
found at 211.8 km where rocks were obviously coated with Fe—
Mn oxyhydroxides. Limnophilids were the only targeted ben-
thos found at 207 km. The communities at 101 and 190 km
also were missing taxa typical of such streams. For example,
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TaBLE 2. Year-to-year differences of Cd concentrations (pg/g dry
weight) at three stations in the Blackfoot River in two types of insect
larvae and cutthroat trout. Caddisfly is Arctopsyche grandis. Data for
Hesperoperla pacifica and Claassenia sabulosa sre combined 1o obtain
stonefly comparison. NC = not coliected; NP = not present.

Cutthroat
Kilometre Year Caddisfly Stonefly trout
21.8 1987 <0.2 0.12
1988 0.30 .10
1989 0.16 0.08
74.4 1987 0.20 Q.20
1987 0.18 0.09
190 1987 NC 1.30 NC
1988 3.27 NP 0.61 = 0.21
1989 1.26 0.76 0.60 = 0.08

hydropsychid caddisflies and mayflies were absent at 200.5 km
in 1989, Absent groups at 190 km included hydropsychid
caddisflies in 1988 and 1989, perlid stoneflies in 1988, and
mayflies at least in 1989 (the only year the search included
mayflies). Hydropsychids, perlids, and mayflies were present
at 186.6 km and ali other downstream stations.

Downstream trends in metal concentrations in the food web
of the river were similar in the three surveys, Year-to-year var-
iability at three stations are exemplified for Cd in three taxa in
Table 2 (all data in Moore 1990). Because of the general agree-
ment among years, data from 1987, 1988, and 1989 were
aggregated to summarize spatial distributions in the following
analysis.

Metals differed from one znother in their bioavailability
within and below the marsh system. Cadmium was the element
most consistently accumulated throughout the food web, It was
significantly enriched (p << 0.01) in caddisflies, stoneflies, and
brook trout collected from within the marsh systerm, when com-
pared with downstream segments of the river (Tables 3 and 4).
Although only two cutthroat trout were found in the marsh col-
lections, their livers contained concentrations of Cd more than
30 times higher than found at the reference site. Significant Cd
enrichment also appeared throughout the food web at 190 km,
downstream from the marsh sytem, suggesting that the Cd con-
tarnination in sediments that penetrated through the marshes
was bioavailable. Cadmium concentrations in caddisflies, sto-
neflies, and both species of trout were significantly higher at
190 km than in the middle (137 to 168 km) and lower (17 to
87 km) segments of the river (Tables 3 and 4). Cutthroat trout
contained 3.3 times more Cd at 150 km than in the reference
area (p < 0.01).

Bioavailable Cd contamination appeared to extend to the
middle reaches of the river. Cadmium concenirations in cad-
disflies were not significantly different between the middie and
lower segments of the river, as observed in sediments (Table 3}.
However, in stoneflies and in large brown trout, significant
{p < 0.05 for insects; p < .01 for brown trout} Cd contam-
ination was observed in the middle reach compared with the
lower reach {Tables 3 and 5). The longer life and/or predaceous
nature of these two groups appeared to make them sensitive
indicators of Cd contamination.

Significant (p < 0.01) Zn contamination of the food web
also extended downstream through the middle reach of the river
as observed in Brachycentrus, Arctopsvche, and Hesperoperla
(see Moore 1990 for data). Concentrations of Zn in brook trout
livers were enriched significantly within, but not below, the

Can. J. Fish. Aquat. Sci., Vol. 48, 1991



TaBLE 3. Spatial distribution of Cd (pg/g dry weight + | standard deviation) in insect larvae in the
Blackfoot River. Reference values are from Rock Creek, a tributary of the Clark Fork River unaffected
by mine effluent. NC = not collected; NP = not present.

Kilometre Limnophilus ~ Brachycentrus  Arctopsyche  Hesperoperla  Claassenia
211.8 NP NP NP NP NP
Beginning of masches
207.3 1.8 NP NP NP NP
200.5 NP 13.8 NP 0.64+0.16  0.65x030
End of masches
196 0.56+0.14 23+x1.4 2.6£0.08 1042062 0.52x0.47
186.6 0.42 0.54 =0.07 .42 1.00
168-137 NP 0.37+0.21 0.97 0.27x0.12 0.24:x0.04
74--87 NP 0.32x0.11 0.14 0.14+0.14 0132006
Reference NP NC 0.10x=0.01

TaABLE 4. Cadmium, Cu, and Zn concentrations {pg/g dry weight = 1 standard deviation) in the livers of trout from the upper Blackfoot River
and a reference (Marshal Creek). All animals were 67 to 225 cm in length. The number of animals analyzed in one to six composites is shown

in parentheses, NP = not present.

Cd Cu Zn

Kilometre Brook Cutthroat Brook Cutthroat Brook Cutthroat
211.8 18+ 13(6) NP 113 £35H6) NP 634+ 68(6) NP
Beginning of marshes
207.3 9.4x2.4 (25 8.8(2) 31151025 24(2) 324+ 38(23) 135(2)
200.5 4.7+1.5(9) 5.9(3) 182 = 89(5} 34 18(3) 235 115(9) 146(3)
End of marshes
190 0.70£0.26(7) 0,60x0.08(17) 135 57(7) 1445017 138 1201 107+ 318)
186.6 <0.05(1) 0.17+0.06(16} 341 13+ 5(16) 151D 106 = 1{16)
Reference NP 0.18 £0.07(18) NP 15+6{18) NP 103 £3(18)

TasLE 5. Comparison of metal concentrations in livers of large brown
trout (Salme trurta), 341 to 473 cm in length, sampied in the middle
reach of the Blackfoot River (near 123 and 134 km) with trout sampled
below the confluence of the North Fork of the Blackfoot River at
74 km. * Significantly different from one another.

Kilometre 1 Cd Cu Zn
123134 12 0.83 = 0.42% 846 =398 11110
74 6 0.07+0.05* 494 223 111 +9

marsh system (Table 4). No significant differences in Zn con-
centrations occurred among stations in Limnophilus or Claas-
senia. The latter species may regulate Zn concentrations within
their tissues.

Of the targeted species in this study. only brook trout (a
depauperate population) were found upstream of the marsh sys-
tern. Metal concentrations in the livers of the animals in this
population suggested that substantial bioavailability of Cd, Zn,
and Cu existed in conjunction with the high concentrations in
the sediments and water. Metal concentrations in sediment and
brook trout correlated strongly throughout the river, partly
because of these upstream coincidences (7 = 0.971 for Cu,
0.922 for Zn, and 0.938 for log Cd). Zinc in brook trout was
also correlated with Zn in water (7 = 0.984). Brook trout was
the taxon in which the most obvious Cu contamination was
observed (Table 4), The Cu concentration in the one brachy-
centrid composite from within the marsh was significantly (p <
0.05), but only slightly, higher than observed at 190 km. No
statistically significant differences occurred among any seg-
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ments of the river below the marshes (p > 0.05) in insect far-
vae, cuatthroat trout, or brown trout (Tables 4 and 6). Such
results suggest that Cu was either of less widespread availability
in the Blackfoot River than were Cd or Zn, or Cu was phys-
iologically regulated by most of the species studied. Arsenic
and NI were somewhat variable, but neither element showed
consistent enrichment in any species in any segment of the river.
Both appeared to be of low bioavailability (data in Moore 1990).

Historic Comparisons of Fish Populations

Trout populations were recently studied in the Blackfoot
River (Peters and Spoon 1989) because of an increase in com-
plaints about dwindling numbers of fish. Selected data from
that study, relevant to the determinations of metal distributions,
are presented here and compared with surveys from the 19707s.
The most striking results are from upstream. Eastern brook trout
populations declined between 1971-73 and 1988 at three of
four stations between 170 and 200 km; cutihroat trout popu-
lations declined at two of three relevant stations in this reach.
Data from 200 km illustrate the magnitade of those changes
and the differences in response between species and age classes
(Fig. 6A and 6B).

The surveys of Spence (1975} were conducted first in 1973
and then again in 1975 following the failure of an abandoned
tailings pond in the uppermost headwaters of the river (input at
214.6 km just below the largest source of mine effluent).
“Young-of-the-vear”” brook trout (age 0) were present in 1973
at 200 km, but absent in 1975, suggesting acute mortalities
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TaBLE 6. Spatial distribution of Cu {pg/g dry weight = 1 stapdard deviation) in insect larvae in the
Blackfoot River. Reference values are from Rock Creek, a tributary of the Clark Fork River unaffected

by mine affluent. NC = not collected; NP = not present.

Kilometre Limnophilus  Brachycentrus  Arctopsvche  Hesperoperia  Claassenia

211.8 NP NP NP NP NP
Beginning of marshes
207.3 27 NP NP NP NP
200.3 NP 28.9 NP 321 336
End of marshes
190 i3x2 174 181 236 41x5
186.6 27 16x1 L 28
168-137 NP 19:+3 15x1 24+3 42+ 10

74-87 NP 161 14+4 29:x3 43+ 8
Reference NP NC 124 21

from mine/milling wastes injected into the river by the pond
faiture (Fig. 6A). In 1988, age 0 brook trout populations had
returned, but the fish were only 33% as abundant as in 1973,
Age 1 (1 yr old) and older brook trout showed no apparent
mortality from the pond failure; population densities were the
same in 1973 and 1975. However, the effects of poor recruit-
ment that would be expected from the reduced abundance of
age 0 fish were evident in 1988. Age | and older brook trout
populations were 72% lower in 1988 than during 1973-73,
declining in average density downstream from 82/km to 23/km.

Age O cutthroat trout at 200 km also showed severe acute
mortality in 1973; age 1 and older cutthroat were reduced in
abundance (compare 1973 and 1975 in Fig. 6B). Age 0 cut-
throat populations in 1988 remained severely reduced com-
pared with 1973, In 1988, the abundance of age 1 and older
cutthroat rout was less than 25% of that in 1973 and had
declined by an additional 50% from 1975 {an 83% decline in
cutthroat compared with 1975 was observed upstream at
207 km in 1988}

Differences between surveys also occurred in brown trout
populations downstream from the most severe contamination.
For example, at 170 km, significantly fewer age ! brown trout
and a possible downward trend in 2-yr-old plus older brown
trout were observed from 1972 to 1988 (Fig. 6C). However,
unlike trout populations in metat-affected areas, no decline in
age O brown trout was evident.

Discussion

in the Blackfoot River, some solute and particulate contam-
inants extend downstream for 25 km from the major contami-
nant source, while others contaminate only a few kilometres of
river immediately below inputs. Concentration of solute con-
tarninants decreases rapidly in the upper few kilometres of
input, probably related to the precipitation of Fe oxyhydrox-
ides. As metal-rich mine effluent cascades down steep reaches
of river, the entrainment of oxygen precipitates solute Fe and
Mn (Michaelis 1988), The high concentration of suifate also
ieads to the precipitation of metal sulfates (Nordstrom 1982).
Other metals and metalloids can coprecipitate with or adsorb
onto these sulfates and oxyhydroxides. This system of solute
contaminant precipitation or adsorption works weil in decreas-
ing solute metal contaminents in the Blackfoot drainage above
the marsh sytem but transfers metals to the particulate phase.
Some solute and particulate contamination passes through the
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marsh system, and at least Cd and Zn remain bioavailable over
long stretches of the river.

Within the marsh and downstream, Cd contamination is more
severe than Zn and affected more species. Arsenic and Ni orig-
inating from acid mine drainage are of low bicavailability con-
sistent with their relatively low concentrations in both the solute
and particulate phases. Elevated solute Cu concenirations
decrease to near limits of detection before entering the marsh
system, which may partially explain their apparent limited
availability to the biota. Although Cu is elevated in brook trout,
the particulate Cu contamination that extends through the marsh
systern has no detectable effects on concentrations in other rep-
resentatives from the food web.

Longer lived, predaceous species appeared to be more sen-
sitive indicators of downstream Cd contamination than detritus
feeding species and they were also better indicators than sedi-
ments or water. Significant Cd contamination was observed in
stoneflies and large brown trout more than 75 km downstream
from the input of acid mine drainage. Zinc was also signifi-
cantly accumulated in some species in the middle reaches of
the river. Thus, the order of downstream mobhilization of bioa-
vailable metals originating from the acid mine drainage appears
to be Cd, Zn > Cu > As, Ni.

It is well established that natural marshes can improve water
quality (Wolverton 1987) and that aquatic plants and bacteria
can remove metals from acid mine drainage (Wolverton 1975;
Wolverton and McDonald 1977). Natural and artificial marshes
can decrease acidity, sulfate, and metal solute concentrations
in acid mine drainage by 1 to 2 orders of magnitude (Huntsman
et al. 1978; Wieder et al. 1982) by precipitation, adsorption,
hydrolysis, redox and photochemical reactions, chelation, and
filtration. The period of ime over which marshes provide effec-
tive mitigation and the pathways that transfer contaminants from
the mine effluent to the biota are poorly known. The Blackfoot
River is typical of Rocky Mountain rivers contamined by aban-
doned mine drainage with a well-established beaver pond/
marsh system that has received mine effluent for more than
100 yr. The Blackfoot example suggests that marsh systemns
may slow the transport of metais, but they do not pecessarily
compietely stop downstream contamination of the food web by
the most mobile of the metals. Particulate contaminants gen-
erally penctrated the marsh system to a greater extent than did
solute contamination, but the marsh system is complex geo-
chemically, possibly acting as both sink and source for different
particulate metal contaminants.
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Fic. 6. Plots of population density of age 0 and age 1 plus older (A)
brook trout and (B) cutthroat trout at 200 km in the Blackfoot River
compared between the 1970s and 1988. (C} Brown trout population
density at 170 km compared between the two sampling periods.

Other studies have shown that metals such as Cd, Pb, and
Zn adversely affect both trout and their food web (Duncan and
Klaverkamp 1982; Niederlehner et al. 1934; Hendrix et al.
1982; Selby etal. 1985, Harrison and Klaverkamp [989;
Schinitt and Finger 1987; Schimnitt et al. 1984), although man-
ifestation of such effects can be complex (Munkittrick and
Dixon 1988; Schindler 1987). Adverse ecological effects of
metals cannot be discounted in the Blackfoot River, where sub-
stantial contamination of sediment, water, and food webs from
acid mine drainage is accompanied by depauperate benthic
communities and fish populations. Surveys of the Blackfoot
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River conducted during low flow during 1968-71 {(Spence
1975) also indicated a reduced number of bottom fauna species,
especially mayflies, at 206.6 and 198.1 km but not at 192.6 or
186.5 km. The present study detected sediment contamination
at 190 km and an absence of typical insect larvae (e.g. may-
flies). This is a minimum data set, but i sugpests that metal
influences may extend further downstream than observed 16 yr
earlier, Such changes may result from single large events or
progressive change over decades, but are not detectable i con-
secutive years of sampling.

Before natural or artificial marshes are considerad as long-
term solutions for remedying continuous trace mefal inputs from
acid mine drainage, our study of the Blackfoot River suggests
that a thorough study of particulate, aqueous, and biological
compoenents and consideration of long-term changes is neces-
sary. If such systems typicaily fail to mitigate effects of
upstream inputs of metals for an indefinite period, elimination
of sources of metal input in such systems may be the most
effective mechanism for preventing extended, long-term riv-
erine contamination in Rocky Mountain riparian systems.
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